Insulin resistance, a hallmark of impaired glucose tolerance and type 2 diabetes (T2D), arises from dysfunction of insulin action and subsequent glucose uptake by peripheral tissues, predominantly skeletal muscle and fat. Exocytosis of glucose transporter (GLUT4)-containing vesicles facilitated by soluble NSF attachment receptor (SNARE) protein isoforms and Munc18c mediates this glucose uptake. Emerging evidences, including recent human clinical studies, point to pivotal roles for Munc18c in peripheral insulin action in adipose and skeletal muscle. Intriguing new advances are also initiating debates regarding the molecular mechanism(s) controlling Munc18c action. Thus, the objective of this review is to present a balanced perspective of new continuities and controversies surrounding the regulation and requirement for Munc18c in the regulation of peripheral insulin action. Keywords SNARE proteins; GLUT4 vesicle exocytosis; glucose uptake; skeletal muscle; adipose
skeletal muscle and adipose tissue -maintained at very low levels under resting/basal conditions and robustly activated in response to insulin to restore glucose homeostasis or 'euglycemia'. Skeletal muscle accounts for approximately ~80% of glucose clearance/ uptake, while adipose tissue accounts for the remaining 20% [1] . Glucose uptake into muscle and fat cells is mediated by the insulin-responsive glucose transporter, GLUT4 [2] . GLUT4 is a membrane-spanning protein present on intracellular vesicles in these cell types [3] . In response to insulin, GLUT4 vesicles translocate from the cell interior to the PM where they dock and fuse through interactions between vesicle-and plasma membrane (PM)-localized SNARE proteins [4] [5] [6] [7] [8] [9] . Upon vesicle fusion and GLUT4 integration into the PM, GLUT4 facilitates uptake of extracellular glucose -GLUT4 has a high affinity for glucose (K M ~4 mM), providing a steep gradient for rapid glucose clearance. In this process, a thorough understanding of how SNARE proteins dock and fuse these incoming GLUT4 vesicles remains elusive. This gap in knowledge presents a prominent health-related challenge, given that recent findings of deficits/defects in SNARE proteins, as well as in additional SNARE-accessory proteins, are now linked to a variety of metabolic disease states [10] [11] [12] .
To date, six vesicle SNARE (v-SNAREs) isoforms and eleven target-membrane SNARE (tSNAREs) proteins have been identified in muscle and adipocytes [13] , although only the v-SNARE protein VAMP2 and the t-SNARE proteins Syntaxin 4 and SNAP23 are essential for GLUT4 vesicle exocytosis events at the PM [14] [15] [16] ; the phrase "GLUT4 vesicle translocation/exocytosis" often refers to a grouping of events, including vesicle trafficking to and docking and fusion events at the PM. Canonical SNARE complex assembly, wherein initial formation of a binary complex composed of Syntaxin and SNAP25 binds with VAMP to produce the ternary heterotrimeric SNARE core complex, has been most extensively studied in vitro, using recombinant SNARE isoforms relevant to synaptic vesicle exocytosis [17] [18] [19] . The three SNARE proteins (Syntaxin, SNAP25, and VAMP) form a stable four α-helical bundle, with VAMP and Syntaxin each contributing one α-helix and the remaining two α-helices deriving from SNAP25 [20, 21] . While in vitro studies using isoforms pertinent to GLUT4 vesicle recapitulate this SNARE assembly process [22] , a new in situ proximity ligation assay demonstrates the existence of Syntaxin 4-VAMP2 binary complexes, which are inhibitory for SNARE complex assembly until overcome by the addition of the SNARE accessory protein Munc18c [23] . Indeed, Munc18c has been appreciated as a relevant factor for GLUT4 vesicle translocation since its discovery and initial characterizations in the mid-1990s [24] [25] [26] ; however, given that it can exert both negative and positive actions upon GLUT4 vesicle exocytosis events, Munc18c's role and mechanism of action has remained highly controversial and elusive.
Herein, we will focus our attention specifically on Munc18c. First, the newly discovered role of Munc18c as a substrate for IR will be examined. This finding marked a breakthrough in understanding how the insulin signal coordinately triggered mobilization of intracellular GLUT4 vesicles, while simultaneously preparing SNARE proteins at the PM for vesicle docking and fusion. Next, a variety of recently identified post-translational modifications (PTMs) for Munc18c and their differential impact upon SNARE protein function in skeletal muscle versus adipocytes will be discussed. Finally, we will debate the role and requirement for Munc18c (and how 'too much of a good thing' can be bad) in the mechanics of SNARE complex assembly pertaining to maintenance of peripheral insulin sensitivity and glucose uptake.
Munc18c -an atypical insulin receptor substrate
Skeletal muscle and adipocytes express two Munc18 isoforms, Munc18b and Munc18c. Both are members of the Sec1-Munc18 (SM) family of proteins, which broadly spans plants, yeast, worms, flies and mammalian systems. SM proteins are 66-68 kDa soluble proteins with no transmembrane domains. Approximately 50% of the cellular content of Munc18c is localized to the PM, which is attributed to its high affinity for its cognate Syntaxin isoform, Syntaxin 4 [27, 28] . Although Munc18b and Munc18c share ~49% sequence identity, Munc18b is functionally inert in glucose uptake, leaving Munc18c as the sole isoform regulating GLUT4 vesicle docking and fusion [25, 26] . With the focus upon Munc18c, questions regarding its precise role in this exocytotic process were interrogated, principally by comparing it to the neuronal isoform operative in synaptic vesicle exocytosis, Munc18-1 (the most-studied Munc18) [28] .
Munc18-1 and its yeast homolog Sec1p interact with Rab GTPases and/or Rab effector proteins [29] , so for many years the focus was upon identifying Rab partners for Munc18c in skeletal muscle and fat cells. Rab proteins act at the last step in the insulin signaling cascade, activated just prior to the time at which GLUT4 vesicles dock and fuse [30] . In brief, insulin-mediated IR activation triggers the sequential canonical activation cascade: IR→Insulin Receptor Substrate (IRS-1)→Phosphatidylinositide kinase (PI3-Kinase) →generating Phosphatidylinositol-(3,4,5)-trisphosphate (PIP3) to activate→3-Phosphoinositide-dependent kinase-1 (PDK-1)→AKT/Protein kinase B→Akt substrate of 160 kDa (AS160), a Rab-GAP (GTPase activating protein) to promote recruitment of GLUT4 vesicles to the PM [30] [31] [32] [33] [34] . Although no Rab partners were found, several reports of the insulin-stimulated tyrosine-phosphorylation of Munc18c arose [35, 36] . With the ensuing search for Munc18c kinases and phosphatases, Munc18c was identified as a direct target of IR, becoming rapidly phosphorylated in response to insulin, but in a manner independent of PI3K activation [37, 38] . Hence, this suggested that Munc18c functioned at a proximal step, perhaps in parallel with IRS-1 activation, instead of at a step distal to PI3K and Rab proteins, as modeled in Fig. 1 .
Within a timeframe similar to the tyrosine phosphorylation and activation of IRS-1 by IR in skeletal muscle and adipose cells, Munc18c is rapidly bound by IR and phosphorylated at Tyr521 within 5 min [37, 38] . Although Tyr219 was not detected in proteomic screens [36] , it was found to be phosphorylated using a Tyr219-phosphospecific antibody in 3T3L1 adipocytes [38] . Tryptic peptide mapping indicates Tyr219 to localize to the far end of a short tryptic peptide, perhaps accounting for its lack of detection by mass spectrometric detection. Nevertheless, mutation of Tyr219 (Y219F) impairs insulin-stimulated GLUT4 vesicle translocation. However, the Y219F mutation fails to impair IR binding, whereas the Y521F-mutation did block IR binding. Hence, we speculate that Tyr219 may be targeted by kinases beyond IR. Intriguingly, Tyr219 in the Munc18c crystal structure is predicted to be in close proximity to Tyr521, with Tyr521 localizing to a disordered region of Munc18c [13, [38] [39] [40] ; disordered regions are notable sites of pivotal post-translational modifications and conformational changes [41, 42] .
Insulin-stimulated Munc18c phosphorylation occurs concomitantly with its dissociation from Syntaxin 4 at the PM. While in vitro studies show that the phosphorylation of Munc18c by IR occurs independent of its binding to Syntaxin 4 [38] , Syntaxin 4 interaction with Munc18c shows dependency upon the phosphorylation status of Munc18c [37] . For example, Syntaxin 4 bound to the Munc18c-Y219F and -Y521F mutants fails to dissociate from either in insulin-stimulated 3T3L1 adipocytes. However, phosphomimetic mutants Munc18c-Y219E and -Y521E exhibit dissociation from Syntaxin 4 both in adipocytes and in vitro [37, 38] . These mutants were used to demonstrate a functional importance for Munc18c phosphorylation at these sites in GLUT4 vesicle exocytosis in 3T3L1 adipocytes [38] . Because IRS-1 failed to bind Munc18c and treatment with a PI3K inhibitor ceased to impact IR-Munc18c binding, IR-induced phosphorylation of Munc18c was concluded to be independent of IR→IRS→PI3K signaling [38] . Taken together, these recent studies suggest a revised model of insulin action in muscle and fat cells, wherein insulin-stimulated IR emits a coordinated signal to evoke SNARE assembly steps in concert with vesicle mobilization to the PM, culminating in SNARE core complex assembly and GLUT4 vesicle fusion.
Very recently, protein tyrosine phosphatase 1B (PTPIB) was identified as the counterpart to IR kinase in insulin-stimulated Munc18c phosphorylation [43] . PTP1B is a non-receptor tyrosine-specific phosphatase, localized to the cytoplasmic face of the endoplasmic reticulum (ER) in adipocytes, and is a physiological regulator of glucose homeostasis [44] . Interestingly, PTP1B is also a known phosphatase for IR [45] . However, how ER-localized PTP1B can facilitate dephosphorylation of PM-localized phospho-IR and phospho-Munc18c remains an open question. It has been suggested that PTP1B might interface with IR during its transit to and from the PM; PTP1B has also been proposed to reside in 'stretchable' dynamic regions of the ER membrane that come into contact with its substrates located at the PM [44, 46] . PTP1B may interact with Munc18c at the PM, given that Tyr219-phosphorylated Munc18c is known to localize to the PM of 3T3L1 adipocytes [38] , and Tyr219 is a known target for PTP1B [43] . Moreover, Tyr521-phosphorylated Munc18c has been suggested to activate a pool of Syntaxin 4 at the PM, again placing phospho-Munc18c at the PM [23] .
Combined with prior work showing that a substantial portion of cellular SM protein content, including that of Munc18c, exists in the cytoplasm [47] , it is tempting to speculate that Munc18c might undergo dephosphorylation by PTP1B at the PM and then cycle into the cytosol. Since PTP1B knockout mice exhibit increased insulin sensitivity and resistance to weight gain when fed a high-fat diet [44] , the need for understanding Munc18c-PTP1B modifications is of clear relevance. Of additional interest would be to determine if PTP1B and/or IR were also modifiers of Syntaxin 4.
Although not yet investigated, Syntaxin 4 was identified in the original proteomic screen as an insulin-induced phosphoprotein in 3T3L1 adipocytes at Tyr115 and Tyr215 [36] .
Classifying the role(s) of Munc18c in insulin-stimulated glucose uptake Over-expression studies designate Munc18c as a negative regulator
Munc18c function in 3T3L1 adipocytes was first interrogated using transiently overexpressing high levels of recombinant Munc18c via adenoviral transduction or electroporation. Since insulin-stimulated GLUT4 vesicle translocation and glucose uptake were inhibited, Munc18c was deemed a negative regulator [25, 26] . Moreover, a genetic model of moderate/low levels of Munc18c over-expression in skeletal muscle and adipose (~3-5 fold over endogenous levels) exhibited peripheral insulin resistance, associated with attenuated skeletal muscle glucose uptake and GLUT4 vesicle exocytosis; surprisingly, adipose tissue glucose uptake was unimpaired [48] . One possible explanation might be that skeletal muscle is more sensitive to alterations in Munc18c levels than adipocytes. A recent human study shows that while Munc18c levels were elevated in skeletal muscle of T2D subjects relative to non-diabetic individuals, they were unaltered in adipose tissue [11] ( Table 1) . Further, the negative action of Munc18c appears to be linked to Syntaxin 4 abundance. For example, in vivo adenoviral over-expression of Munc18c in mouse skeletal muscle inhibited GLUT4 translocation to the transverse-tubule membranes but not the sarcolemmal membranes [49] , coinciding with relatively reduced levels of Syntaxin 4 selectively in the transverse-tubule membrane. This provided early evidence that perhaps a balance between Munc18c and Syntaxin 4 is vital to Munc18c actions.
The negative effect of Munc18c in vitro is controversial and may be related to the balance between Munc18c-Syntaxin 4 necessary for appropriate SNARE complex assembly. For example, the addition of excess Munc18c to Syntaxin 4-containing SNARE complexes at ratios of 2:1 or 10:1 were inhibitory for in vitro liposome vesicle fusion [50] , and yet at a 5:1 ratio, others observed Munc18c to accelerate SNARE-mediated vesicle fusion [28] . While these differences are likely related to methodological differences between the studies, other reports from human T2D muscle and rodent muscle support the notion that as little as a 3-fold excess of the otherwise endogenous content of ~2-3 nM Munc18c in skeletal muscle is enough to impair to glucose uptake and peripheral insulin sensitivity (Fig. 2) [11, 48] .
Depletion studies of Munc18c -reclassified as a required regulator
An early indication for the requirement of Munc18c in GLUT4 vesicle exocytosis arose from the finding that the inhibitory action of Munc18c could be offset by concurrent overexpression of its binding partner Syntaxin 4 [51] , essentially 'soaking-up' excess Munc18c and alleviating the inhibition. Recent uses of RNAi (knockdown) and Munc18c heterozygous knockout mice (homozygous mice die by E7.5) ultimately supported the model in which Munc18c is a required factor for insulin-stimulated GLUT4 translocation and glucose uptake in 3T3L1 adipocytes and skeletal muscle, respectively [38, [52] [53] [54] (Fig.  2) .
However, one questions whether adipocytes might have a functional tolerance for fluctuations in Munc18c protein levels arises when assessing Munc18c knockout and knockdown studies. For example, one study showed that adipocytes differentiated in vitro from mouse embryo fibroblasts derived from a rare surviving Munc18c null mouse model had no impairments in GLUT4 vesicle translocation; remarkably, they even showed a leftshift in response to insulin [55] . In addition, stable depletion of Munc18c from 3T3L1 adipocytes using lentiviral RNAi was without impact upon GLUT4 vesicle translocation [43] . And yet, multiple studies using transiently depleted Munc18c (siRNA transfection) showed impaired GLUT4 vesicle fusion [38, 53] . This could suggest that long-term stable depletion of Munc18c in adipocytes is accompanied by other, as-of-yet undetected, compensatory mechanisms for the loss of Munc18c. In addition, variability in outcomes in Munc18c depletion studies could be related to insulin dosage: in adipocytes transiently depleted of Munc18c, the inhibition of GLUT4 vesicle exocytosis was evident upon stimulation with 100 nM insulin, but not with 1 nM insulin [53] .
These discordant cultured adipocyte data could be reconciled by performing in vivo hyperinsulinemic-euglycemic clamp studies with the viable heterozygous Munc18c knockout line of mice [54] or assaying ex vivo the primary adipocytes therefrom. An added benefit would be the ability to assess similarities/differences between skeletal muscle and fat responsiveness within the same animal. For now, whether these discrepancies are related to differences in the tolerance of fat cells versus muscle cells to variations in Munc18c content or due to additional methodological/gene targeting variations must remain to be determined.
Munc18c in SNARE complex assembly Controlling Munc18c and SNARE assembly: Doc2b
Early studies in 3T3L1 adipocytes demonstrated that over-expression of the known Munc18-1/Munc18c binding protein Double C2-domain isoform b (Doc2b) enhanced glucose uptake [56] . Furthermore, transgenic mice over-expressing Doc2b in skeletal muscle have heightened peripheral insulin sensitivity, owing to enhanced insulin-stimulated GLUT4 exocytosis in skeletal muscle, concurrent with increased Syntaxin 4-SNAP23-VAMP2 (SNARE complex) assembly and decreased Syntaxin 4-Munc18c binding in muscle lysates [57] . Moreover, Doc2b knockout mice exhibit peripheral insulin resistance and impaired insulin-stimulated GLUT4 accumulation at skeletal muscle cell surfaces [58] . Strikingly, decreased SNARE complex assembly and increased Munc18c-Syntaxin 4 binding are seen within skeletal muscle extracts from Doc2b knockout mice [58] , indicating that Doc2b modulates binding of Munc18c to Syntaxin 4, and hence SNARE complex assembly. In vitro, Doc2b can also bind to Syntaxin 4 [59] , and this was similarly observed in 3T3L1 adipocytes [56] . Doc2b was also seen to translocate to the PM in adipocytes in a calciumsensitive manner [56] . In contrast, Doc2b binding to Syntaxin 4 is not observed in skeletal muscle, irrespective of calcium level [58] . While calcium levels are arguably higher in skeletal muscle than cultured adipocytes, which may account for the visible lack of Doc2b translocation in muscle, the lack of binding of Doc2b to Syntaxin 4 in skeletal muscle is unexplained at this time. Regardless of the detailed binding interactions however, all studies unequivocally agree that Doc2b is both required and limiting for insulin-stimulated GLUT4 vesicle exocytosis, via a facilitative role in SNARE assembly. While this may qualify Doc2b as a therapeutic target of interest, comparing/contrasting the mode of Doc2b action in primary adipocytes versus skeletal muscle will be a priority for target optimization.
Regulation of Munc18c binding to Syntaxin 4
If Doc2b binds to Munc18c or Syntaxin 4 but not both, then Doc2b may have to compete for interaction between Munc18c and Syntaxin 4. Munc18c-Syntaxin 4 interaction is of high affinity, with a KD ~ 30 nM [60, 61] . Structural analyses indicate that Munc18c resembles an arch-shaped clasp and interacts with Syntaxin 4 via multiple binding modes. Syntaxin 4, like other syntaxin family members, has been demonstrated to adopt two conformationsopen (accessible for SNARE complex assembly) or closed -in 3T3L1 adipocytes [62] and in vitro [61] . Closed Syntaxin 4 is thought to be bound by Munc18c, keeping Syntaxin 4 inactive in the absence of insulin stimulation. Over the past 8 years, delineation of the regions of Syntaxin 4 protein required for Munc18c association (in the closed conformation) has been contentious. For example, in 2006, evidence arguing the importance of the far Nterminus of Syntaxin 4 in its association with Munc18c was provided [39] (Fig. 3A-i) . However, subsequent studies argued this region to be one of several contact sites, providing evidence showing that Munc18c-Syntaxin 4 binding still occurs when the N-terminal Syntaxin 4 peptide is deleted [60] [61] [62] . Indeed, other contact sites such as the Hc-linker region of Syntaxin 4 appear to be sufficient in mediating interaction with Munc18c [60] ( Fig. 3A-ii) . Despite this, it is speculated that upon insulin stimulation, Syntaxin 4 adopts the open conformation, although how its interactions with Munc18c change remains an open question. One possibility is that the Syntaxin 4 N-terminal peptide stays bound to Munc18c (Fig. 3B-i) [40, 63] , similar to configurations reported for other Munc18-Syntaxin pairs [63] . An alternative conformation, derived from clonal cell studies, demonstrates interaction of Munc18c with Syntaxin 4 through two contact sites of Munc18c [64] (Fig. 3B-ii) . While in vitro data would suggest that Doc2b joins these SNARE complexes through Syntaxin 4, depicted in Fig 3B (i-ii) [56, 59] , Munc18c association with the SNARE macromolecular complex is not detectable in lysates prepared from skeletal muscle or adipocytes [11, 58] . Instead, insulin stimulation of these tissue/cell types yields rapid phosphorylation of Munc18c at the PM, coinciding with reductions in Munc18c-Syntaxin 4 binding and concurrent increases in Munc18c-Doc2b binding [38, 58, 60, 65] . This switch occurs simultaneously with increased Syntaxin 4 integration into SNARE complexes (Fig. 3B-iii) .
Going forward, we speculate that additional Munc18c PTMs (BOX 1) will further impact these Munc18c-Syntaxin 4 and SNARE assembly configuration models. Using a recent example, Munc18c undergoes palmitoylation in adipose tissue [66] . Given that palmitoylation drives proteins to membranes, it is conceivable that this could impact how Munc18c cycles between the PM and cytoplasm, and hence affect SNARE interactions. Although indirectly related, Doc2b may also undergo stimulus-dependent PTMs that impact its binding interactions with Munc18c to impact SNARE assembly in skeletal muscle and fat cell types.
Munc18c and Syntaxin 4 abundances in obesity and diabetes
Clearly, too much or too little of Munc18c is detrimental in vivo for maintenance of peripheral insulin sensitivity (Fig. 2) . However, in attempts to resolve how much is physiologically beneficial, the field has endeavored to correlate Munc18c levels with various disease states (Table 1) . When compared to obese or lean non-diabetic individuals, humans with T2D have higher-than-normal levels of Munc18c protein in skeletal muscle [11] , which correlates with observed elevations of Munc18c in skeletal muscle of high-fat diet-induced obese mice [67] . Thus, Munc18c over-abundance appears to have an inhibitory role, consistent with previously discussed data. In contrast, lower-than-normal levels of Munc18c are observed in adipose tissue from high-fat-diet-induced obese mice [43] . This finding was recapitulated in a recent report of deficient levels of Munc18c in visceral and subcutaneous adipose depots from insulin-resistant morbidly obese human patients (BMI > 50) [68] . Together, these data suggest that Munc18c levels may be differentially controlled by factors acting at the level of the tissue (e.g. adipose versus muscle) to evoke different effects.
Regulation of Munc18c abundance in skeletal muscle and adipose tissues
Identification of factors controlling expression and/or stability of Munc18c is an emerging area of interest. Early studies implicated Syntaxin 4 as a regulator of Munc18c levels: 1) Munc18c levels in Syntaxin 4 heterozygous knockout mice were decreased, even though other SNARE protein abundances remained unchanged [14] , and 2) Munc18c protein levels were elevated in Syntaxin 4 over-expressing mice [69] . A recent report implied a potential chaperone-type relationship between Munc18-Syntaxin proteins [70] , suggesting that Syntaxin 4 might be required for Munc18c stability. Additional recent evidences suggest that SNARE proteins are subject to proteosomal degradation, as well as miRNA targeting [71, 72] , indicating that Munc18c may be subject to similar processes. The first examination of Munc18c gene expression in human adipocytes suggests regulation by insulin through LXRα and SREBP-1c [68] . Moreover, this report includes a prospective study of morbidly obese patients shortly after bariatric surgery, wherein Munc18c expression was found to be the main determinant of improvements in HOMA-IR [68] . Cumulatively, these findings indicate that identification and exploitation of possible mechanisms regulating Munc18c expression would be advantageous for deriving therapeutic strategies for metabolic control.
Concluding remarks and future perspectives
Munc18c has been implicated in insulin action and GLUT4 vesicle exocytosis for nearly 20 years, and although some crucial questions regarding functional and structural aspects have been answered, detailed molecular mechanisms of Munc18c's actions are incompletely understood. Given new evidences in support of the notion that Munc18c functions as a positive factor in Syntaxin 4-based SNARE complex assembly and insulin-stimulated glucose uptake, a new set of questions pertaining to the targeting of Munc18c to promote these processes has arisen (BOX 2). New clinical data regarding changes in Munc18c transcript and protein levels under various metabolic pathophysiologic conditions further prompt the need to investigate how Munc18c expression is regulated at both transcriptional and post-transcriptional levels. Post-translational modifications of Munc18c are emerging as important factors in SNARE mechanisms, thus future studies should be performed in physiologically relevant systems to gain understanding of Munc18c action(s), particularly under conditions of nutritional or metabolic stresses inherent to obesity, insulin resistance and T2D. Munc18c, Syntaxin 4 and Doc2b are also emerging as crucial factors required for insulin release from human and rodent pancreatic beta cells [58, 73, 74] . This prompts the intriguing possibility that interventions aimed at these factors could simultaneously remediate defects associated with peripheral insulin resistance and dysfunctional insulin release, two of the primary defects associated with T2D. With the availability of new biosensors of SNARE configurations [75, 76] and of actin remodeling [77, 78] , as well as genetically-engineered Munc18c mouse models, an exciting foray into Munc18c's likely broad importance to metabolic health is anticipated.
BOX 1: Additional posttranslational modifications of Munc18c
Beyond tyrosine phosphorylation, Munc18c undergoes a number of other PTMs, such as serine/threonine phosphorylation, glycosylation, and palmitoylation, in response to normal and aberrant stimuli (Table I) . Indeed, protein kinase C phosphorylates Munc18c at threonine residues in pancreatic acinar cells, and correlates with Munc18c dissociation from Syntaxin 4 [79] . Although early studies using over-expression of a Munc18c T569 mutant failed to show defective GLUT4 translocation in adipocytes [80] , this should be retested in cells depleted of endogenous Munc18c, a testing platform now preferred for examining the requirement of PTMs. Munc18c can be O-linked glycosylated in adipocytes [81] . Distinct from the phosphorylation events mentioned so far, this O-linked glycosylation occurs under conditions of insulin resistance. Although the site(s) of Olinked glycosylation have yet to be determined, a glycosylation site prediction program projects both Ser6 and Ser87 to have high potential for this modification (ww.cbs.dtu.dk/ services). Three additional residues (Thr42, Ser125 and Ser453) carry potential for Olinked glycosylation, with all predicted sites being surface-exposed. Mass spectrometry is required to pinpoint these putative glycosylation events, as reliance upon pharmacological inhibitors and activators is fraught with specificity issues. Caveats with this method include the relatively low abundance of Munc18c in fat/muscle cells and the highly dynamic nature of the glycosylation process. Nevertheless, mapping these putative Munc18c glycosylation sites and testing their importance to glucose uptake will yield potentially landmark advances to our understanding of insulin resistance and prediabetes.
Recent proteomic advances using mass spectrometric analyses have revealed that Munc18c can also be palmitoylated (a lipid modification occurring on cysteine residues), in 3T3L1 adipocytes and murine adipose tissue [66] . Although Munc18c contains 16 cysteines, motifs for farnesylation and myristoylation are not present, indicating palmitoylation to be the primary lipid modification. Since palmitoylation is reversible and drives protein localization to the PM, it can be speculated that palmitoylation provides a mechanistic means for the shuttling of Munc18c from the cytoplasm to the PM (and vice versa). Thus, in lieu of requiring distinct cohorts of SNARE and SM proteins, distinct types of modifications modulate the ubiquitous Munc18c and Syntaxin 4 machinery to suit the stimulus-specific response of these specialized cell types, thereby adding a new layer of complexity to the well-established SNARE hypothesis.
BOX 2: Outstanding questions
• Would maintaining Munc18c in a perpetually phosphorylated state in vivo promote insulin sensitivity or be detrimental for glucose metabolism?
• Is Syntaxin 4 phosphorylation pertinent to Munc18c function, and is this relevant to GLUT4 vesicle exocytosis and glucose uptake? If so, what are the kinases and phosphatases which regulate this PTM?
• What is the functional role of cytosolic Munc18c?
• How is the Munc18c gene regulated under normal and diabetogenic conditions? Does this occur in a tissue-specific manner?
• Are Munc18c, Syntaxin 4 or Doc2b feasible therapeutic targets for prevention and/or remediation of peripheral insulin resistance or diabetes?
Highlights
• Maintenance of glucose homeostasis requires peripheral glucose clearance.
• Glucose clearance requires SNARE-mediated GLUT4 vesicle exocytosis.
• Munc18c is a crucial yet complex regulator of SNARE complex formations.
• Vascillations in Munc18c content or function deregulate homeostatic mechanisms Binding of insulin to the insulin receptor (IR) triggers downstream signaling cascades that culminate in GLUT4 exocytosis leading to glucose uptake. IR phosphorylates IRS-1 to trigger a PI3K-dependent pathway to evoke trafficking of GLUT4 storage vesicles to the PM. In parallel, IR phosphorylates Munc18c in an IRS-1 and PI3K-independent pathway, preparing the SNARE proteins at the PM for the incoming GLUT4 vesicles, culminating in GLUT4 deposition onto the cell surface to facilitate glucose uptake into these cell types. Amounts of Munc18c higher or lower than optimum levels correlate with decreased GLUT4 exocytosis and glucose uptake, thus making Munc18c both an inhibitory factor and a requisite factor for insulin action in peripheral tissues. Evidently, only optimum levels, neither less nor more, of Munc18c can effectively maintain glucose homeostasis. [28, 56, 63, 64] (B-ii). Taking into account that insulin stimulates the tyrosine-phosphorylation of Munc18c, a third configuration exists (Biii) wherein phosphorylated Munc18c dissociates from Syntaxin 4 [38, 43, 65] and concurrently switches its binding to Doc2b [58, 60] . 
